ABSTRACT. Morphology and anatomy of the extinct angiosperm fruit, Porosia verrucosa (Lesqueruex) Hickey, are documented in detail based on various modes of preservation including molds, casts, and permineralizations from more than seventy localities in the late Cretaceous and Paleocene. The fruits are schizocarpic with paired unilocular, single-seeded mericarps seated on a prominent gynophore with an hypogynous perianth borne on a long pedicel. The most distinctive feature of these fruits is the regularly spaced cylindrical intrusions over the surface of the endocarp. These are interpreted to represent oil cavities similar to those common in the fruits of extant Rutaceae. The oldest known occurrences of P. verrucosa are from the Late Cretaceous
INTRODUCTION
Fossil plant remains known as Porosia verrucosa (Lesquereux) Hickey from the Late Cretaceous and Paleocene of North America and Asia have been elusive as to their morphological structure and taxonomic relationships. The distinctive reniform bodies, typically 1 to 2 cm in diameter and a few mm thick, are usually preserved as impressions with prominent closely spaced protuberances. They were regarded as float leaves of an aquatic plant by some authors (Brown 1962 , Krassilov 1973 , 1976 , Hickey 1977 , Crane et al. 1990 ), and as fruits or seeds by others (Lesquereux 1878 , McIver & Basinger 1993 , Serbet 1997 .
Porosia verrucosa fossils were considered by several investigators (Dorf 1942 , Hantke 1954 , Brown 1962 , Krassilov 1973 , 1976 to be specialized float leaves congeneric and conspecific with leaves of the extinct aquatic araceous plant, Limnobiophyllum scutatum (Dawson) Krassilov (1973) -"Lemna" scutata of Dawson 1875. However, Porosia specimens were never found in direct attachment with Limnobiophyllum leaves and the two entities are only rarely found together at the same site. Whereas Porosia apparently was restricted to Asia and North America, Limnobiophyllum also extended into the Neogene of southern Europe (Kvaček 1995) where Porosia is lacking. Complete specimens of Limnobiophyllum scutatum, with roots, stolons, leaves, and flowers with stamens containing spinose pollen, have proven that L. scutatum belongs to the Araceae-Lemnaceae clade (Stockey et al. 1997) . In contrast, the systematic affinities of Porosia have remained elusive.
Unequivocal proof that the Porosia structures represent fruits rather than leaves is provided by permineralized specimens. A silicified Porosia verrucosa specimen from the Horseshoe Canyon Formation of Drumheller, Alberta, Canada (ca 71 Ma) was sectioned by Serbet (1997) , showing a seed inside the locule, surrounded by pericarp containing regularly spaced cavities. Those cavities, commonly filled with sediment during clastic deposition, correspond with the verrucae, or tubercles, commonly observed in impression and compression fossils. Additional permineralized specimens presented herein from the Paleocene of North Dakota, USA, also show important morphological and anatomical characters confirming that P. verrucosa represent unilocular fruits.
The purpose of this article is to compile available information on the morphological and anatomical structure of Porosia and consider its systematic affinity relative to extant angiosperms, and to compile geographic and stratigraphic data on its distribution. Characters of fruit morphology and anatomy indicate likely affinities to the Rutaceae. Although leaves have not been found in direct attachment to twigs bearing these fruits, we infer the most probable leaf candidate from those found in co-occurrence at numerous localities. A compilation of all localities known to possess P. verrucosa is provided to document the geographic and stratigraphic range.
MATERIAL AND METHODS
Specimens collected from western North America during the 1980s through 2013 by S.R. Manchester with students and colleagues from sites in Wyoming, Montana, North Dakota, Oregon are deposited at the Florida Museum of Natural History. Other North American impression specimens were observed and photographed in museum collections including the Smithsonian (collections of Leo Lesquereux, Frank H. Knowlton, Roland Brown, Leo Hickey, and Scott Wing) Locality data are provided as precisely as possible from published sources, field notes, and museum records (Tab. 1). Latitude and longitude coordinates are presented in relation to the WGS 84 datum, derived from direct GPS, by conversion from the traditional township and range coordinate systems (website for conversion: http://www.earthpoint.us/ TownshipsSearchByDescription.aspx), or by "revisiting" the sites via Google Earth. Localities were plotted on geographic maps (Fig. 1 ) using the websites: http:// woodshole.er.usgs.gov/mapit/ and http://www.odsn.de/ odsn/services/paleomap/adv_map.html. Impression specimens were found by breaking sediment along bedding planes of siltstone and shale with a hammer and chisel. Both halves (counterparts) were retained whenever possible, so that opposite surfaces of the same fruits could be observed. Details obscured by covering sediment were exposed in the laboratory by precision chipping or grinding with a diamond-tipped drill while observing through a dissecting microscope. Details of cuticle and individual cell layers on compression specimens from Belaya Gora and Arkhara Hill were observed using a Zeiss Axiostar Plus light microscope (LM) and TES-CAN and CAMSCAN scanning electron microscopes (SEM). Naturally macerated cuticles were cleaned with HF for 19 hours, washed with distilled water, then treated briefly with 5% KOH, washed and embedded in glycerin jelly to prepare slides for LM study. For SEM observation, cuticles were mounted on stubs and coated with gold.
Permineralized, anatomically preserved specimens from the Almont, and Beicegal Creek localities of North Dakota were photographed in their initial fracture plane, then reassembled with cyanoacrylate glue and sectioned transversely with a Microslice II annular diamond saw to reveal internal anatomy.
High resolution depth of focus was obtained with successive images taken with a Pentax K7 camera fitted with a Zeiss luminar lens with maximum aperture setting, using a Cognisis Stack Shot camera focusing rail. Successive images were composited with Helicon focus software. Anatomical images of the sectioned permineralized fruits were obtained with sections immersed in liquid (xylene in some instances, water in others), with a Canon Rebel camera mounted on a Zeiss photomacroscope. Table 1 A B Table 1 . Localities from which Porosia is known in Asia (1) (2) (3) (4) (5) (6) (7) and North America , plotted in Fig. 1 Locality C o m m e n t. Hickey's diagnosis used the term "body" for these structures because of the prior disagreements as to whether they represented leaves or fruits. Our emended diagnosis treats the organs as "fruit bodies", because the earlier controversy has been resolved. The observation that these fruits were borne in pairs on a gynophore with a hypogynous perianth have also been added, and the original wording in Hickey's diagnosis referring to carbonaceous ground mass has been replaced with text on the sclerenchymatous anatomy now confirmed from permineralized specimens. fig. 29c ), PP 45561. D e s c r i p t i o n. Our reconstruction diagram (Fig. 2) combines information from impression, permineralization and compression specimens to depict the fruit as it looked when ripe. Complete pedicellate specimens indicate that the fruits developed from paired ovaries, with their ventral margins coalesced in their basal half (Pl. 1, figs 1-7); hence they appear to be schizocarpic. A prominent thickening at the junction of the pedicel and the fruit (Pl. 1, figs [5] [6] [7] [8] [9] [10] indicates the position of a gynophore and hypogynous perianth. Each mericarp is elliptical to reniform, more or less D-shaped in face view (Pl. 1, 2), and lenticular in cross section (Pl. 3, fig. 12 ; Pl. 4, fig.7 ). A ventral placental bulge is commonly visible on each mericarp (e.g., Pl. 1, Fig. 2 . Reconstruction of a mature Porosia verrucosa fruit. Apical portion of left mericarp cut away to reveal wall structure. This represents a slightly dried fruit, showing the reticulate venation; probably the venation would be less obvious at the surface of the ripe fleshy mericarps figs 1, 2). Fully developed mericarps range from 0.8 to 2.0 cm in length, 0.6 to 1.6 cm in width, and 1.3-2.2 mm in thickness. Frequently, however, only one of the pair develops fully while the other remains small, only a few mm in length and width (Pl. 1, fig. 8 ; Pl. 2, figs 7, 8, [10] [11] [12] [13] . Well-preserved specimens show a layer of mesocarp and exocarp with cuticle surrounding the exocarp (Pl. 1, figs 5, 6, 9) . There is no indication of stylar protrusions on the fruit bodies, so we infer that there was a single nonpersistent style in median position arising between the ovaries. One specimen shows remnants of what we interpret to be a single style in the expected position (Pl. 3, fig. 2 ).
The prominent "collar" at the junction of the pedicel with the fruit is 1.5-2 mm wide, and 1 mm high (Pl. 3, figs 1, 3, 7, 8) . It is thicker and more conspicuous than the scars that would be expected simply from the shedding of perianth; we interpret it to represent the gynophore. It bears five longitudinal grooves and appears to have been pentagonal in transverse view. The surface was finely papillate (Pl. 3, figs 3, 9) and might have been nectariferous. The pentagonal, longitudinally grooved morphology may have been due to the influence of five stamens during development, as documented in extant Cneorum of Rutaceae (Caris et al. 2006 ), but stamens have not been preserved. The gynophore is seen in some specimens to be immediately subtended by a narrower transverse rim representing the hypogynous detached perianth (Pl. 3, fig. 2, 8) .
The outer surface of the fruit is mostly smooth, enveloped by cuticle that is well preserved in compression specimens at some localities (e.g., Pl. 1, figs 6, 9), with the faint expression of an underlying network of veins radiating from the ventral attachment (Pl. 2 figs 1, 9). The mesocarp was apparently fleshy and parenchymatous. Although cells of that tissue usually are not preserved, the thickness of the mesocarp can be inferred from the distance between preserved outer cuticle of exocarp and the underlying indurated endocarp tissue to have been 1-1.5 mm, or as much as 3 mm (Pl. 1, figs 6, 9). Prominent reticulate venation of the mericarps is best be seen in some of the impression and compression specimens that are exposed at the surface of the exocarp or mesocarp (Pl. 2, figs 1, 9 ), but such specimens are much more rare than those showing the punctate endocarp surface (Pl. 2, figs 2, 3, 7, 8, 14-17) . In some specimens, a stair step fracturing of the fossil has revealed both the endocarp surface, and the veiny surface of mesocarp (Pl. 2, 13) .
The most distinctive feature of these fruits is the prominently veruccate surface referred to in the species designation, consisting of numerous more or less evenly spaced tubercles (Pl. 1, 2; Pl. 3, fig. 4 ; Pl. 4, figs [1] [2] [3] [4] [5] . Under the former interpretation that Porosia represented float leaves, Krassilov (1976) reported that only one surface, presumed to be the lower, was densely covered with cylindrical tubercles, and that the other surface (interpreted as top) was smooth or indistinctly pitted. Krassilov thus disagreed with Brown (1962) and Hickey (1977) who interpreted the tubercles as sedimentary infillings of cylindrical air chambers on both surfaces. Permineralized specimens, e.g. figs 123-130 in Serbet (1997) and Pl. 4, herein, now prove that both faces of the structure had externally pitted endocarp walls. In permineralizations the tubercles are filled with translucent silica, indicating that they lacked cellular tissue and were either empty or fluid-filled. The cavities vary from 100-200 μm in diameter and extend from the mesocarp boundary almost to the locule (Pl. 3, Pl. 4, .
The endocarp wall is about 0.3 mm thick, and composed mainly of fibers. The fibers run parallel to the outer surface, and are concentrically arranged around the tubercles (Pl. 4, fig. 8 ). At the edges of the fruit, tubercles are lacking and the fibers run in a more uniform course paralleling the margin. The spacing and size of tubercles varies according to size of the mericarp. In specimens with asymmetrical mericarp development, the smaller mericarp has correspondingly smaller tubercles than the large one (e.g., Pl. 2, figs 7, 8, [10] [11] [12] [13] , suggesting that the cavities initiated early in ontogeny and enlarged proportionally with growth of the fruit, as occurs in the oil cells of extant Citrus (Knight et al. 2001) . The locule lining is smooth (Pl. 3, . Only one seed developed per locule. As illustrated and described by Serbet (1997) , the seed coat is uniseriate, composed of cuboidal cells ca 30 μm thick (seen also here in Pl. 3, fig. 14) . The embryo bore a pair of cotyledons flattened in the same plane as the fruit (Pl. 3, fig. 13 ).
Epidermal anatomy was described based on compression specimens from Darmakan in the Amur Region by Krassilov (1973 Krassilov ( , 1976 ; we also investigated additional specimens from the same vicinity by SEM and transmitted light microscopy (Pl. 5, figs [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Epidermal anatomy is uniform over costal and intercostal areas of the mesocarp. Cells are polygonal, about 25-35 μm in diameter with straight, strongly delineated anticlinal walls. Stomata are distributed about 10 per mm 2 , and are irregularly oriented. The stomatal pit is oval, up to 50 μm long, encircled by 8 to 12 subsidiary cells that are similar in shape and size to the ordinary epidermal cells. The anticlinal walls of the subsidiary cells are weakly cutinized in proximity with the guard cells. The pattern is anomocytic to cyclocitic. We did not observe the modified polar subsidiary cells mentioned by Krassilov (1973) .
Maceration of tissues beneath the exocarp yielded an internal cuticular layer that we interpret to represent the locule lining bearing the impressions of polygonal isodiametric to somewhat elongate cells (Pl. 5, . Under the former foliar interpretation, Krassilov (1973) referred to this layer as the lower epidermis: "Lower cuticle delicate. Cells elongated, pointed, forming files, intercostal cells broader than costal. Stomata absent. Druses (glands in Krassilov 1976) fairly frequent, spheroid, diameters 29-35 μm, filled with dark granular contents, leaving round spots when lost" (Krassilov 1973, p. 111) . We observed various globose bodies, but consider them to be fungal in nature, rather than glands.
The mericarps were apparently the ultimate dispersal unit for these fruits. The fruits recovered appear to be complete, rather than isolated valves, and we have not found corresponding isolated seeds. Thus, the mericarps were apparently indehiscent. Two specimens are seen to have ruptured along the plane of bisymmetry (Pl. 4, fig. 3; and Crane et al. 1990 , fig. 29g ) and could be interpreted to indicate that the mericarps were secondarily dehiscent, or it might have opened upon germination. B o t a n i c a l a f f i n i t y. Some of the new observations presented here, ie., that the fruits are borne consistently in pairs and probably schizocarpic, the hypogynous position of perianth, the long pedicel, a single shared central style, a prominent gynophore, and endocarp tissue composed of fibers, along with confirmation of other distinctive characters including cylindrical endocarp cavities, and a single seed per locule, provide a set of characters useful in evaluating affinities of this extinct genus. The divorce from Limnobiophyllum can be finalized because of irreconcilable differences.
In some respects, Porosia fruits resemble those of the extant southeast Asian genus Sabia (Sabiaceae), which can produce both schizocarpic and solitary fruits. Sabia endocarps correspond in reniform shape and lenticular cross section, may have one or a pair of single-seeded endocarps developing per flower, and a sclerenchymatous fruit wall. However, sections of Sabia endocarps reveal a different anatomy, with wall lacking prominent tubercles and composed of isodiametric sclereids rather than fibers. In addition, the endocarp is reticulately ridged in Sabia, but smooth surfaced in Porosia. Therefore, we believe the similarities with Sabia are due to morphological convergence, and do not consider these to be related taxa.
The organization of paired fruit bodies on the receptacle is rather distinctive and informative as to possible systematic position. Although there are clearly two ovaries per receptacle, they are joined only partially in the ventral part, with a shared style between them (Fig. 2) . The development of apocarpous ovaries around the floral axis occurs in some Sapindales, especially Simaroubaceae (e.g., Ailanthus, Picrasma, Chaneya) and in the related family, Rutaceae (e.g., Andreadoxa, Conchocarpus).
The prominent, closely spaced cylindrical cavities in the endocarp wall provide an important clue to the affinities of this taxon. Visible with the naked eye, these cavities are much larger than those found in most angiosperm families. These intrusions in the fruit wall appear to represent oil glands characteristic of many Rutaceae. In addition, the pattern of cells surrounding the stomata of Porosia fruit cuticle corresponds closely to the actinocytic or cyclocytic condition documented for fruits of extant Rutaceae including Dictamnus, Ptelea, Ruta, and Zanthoxlyum (Brückner 1991) . That anatomical similarity, along with the schizocarpic fruits, indicates that Porosia may best be attributed to the Rutaceae. The prominent collar below the fruit corresponds in morphology to the gynophore present in Rutaceae, but it is larger than usually seen in extant genera of this family. Rutaceae fruits develop from 1-5 carpels that can be distinct or proximally connate, and form a variety of different fruit types ranging from syncarpous to apocarpous, including capsules, berries, samaras, and schizocarps (Kubitzki et al. 2011) . Although the Rutaceae are monophyletic, the traditional infrafamilial classification, based largely on fruit type (Engler 1931) included subfamilies and tribes that are largely non-monophyletic as assessed from molecular characters (Chase et al. 1999) .
Dr. Jacquelyn Kallunki (New York Botanical Garden) advised us that many of the extant genera of the Rutaceae with dehiscent fruits (e.g., the Euodia, Esenbeckia, and Angostura Alliances in the Rutoideae, cf. Kubitzki 2011) have a bony endocarp that twists on drying and thus ejects the seeds. This endocarp falls separately and would be expected to be readily preserved and identifiable among the fossil remains at the numerous localities where Porosia has been collected, yet such bits have not been observed at any of these places. The fact that Porosia is represented primarily by undehisced fruits strongly suggests that they were naturally indehiscent. That is, they are better interpreted as drupes, which in some Rutaceae have a hard indehiscent endocarp with more or less fleshy mesocarp.
There are some differences from extant Rutaceae, however, that indicate this assignment should be regarded as tentative. The usual condition in Rutaceae is to have five carpels per fruit. Extant genera with grossly similar fruits, e.g., Andreadoxa, Conchocarpus, have dehiscent fruits, and the tubercles are mainly confined to the mesocarp rather than entering the endocarp. In addition, leaves of Rutaceae are typically compound, or unifoliolate. The petiolules (or petiole, when described as simple) have a prominent pulvinis at junction with the lamina. Such leaves would be readily recognized in association with Porosia, but have not been found. A s s o c i a t e d l e a v e s. Our attempt to identify probable leaves of Porosia considered all angiosperm leaves co-occurring at localities with the fruits. Some leaves could be eliminated from consideration as candidates for Porosia foliage because they could be identified confidently on the basis of leaf architecture to other genera with morphologically distinct fruit types such as Davidia, Beringiaphyllum, Browniea, Juglandiphyllites, Corylites, Cornus, Aesculus, Zizyphoides, Trochodendroides, Celtis, Platanus, Macginitiea, and Dyrana (Akhmetiev et al. 2002 , Golovneva 1994b , Pigg & De Vore 2010 . The remaining subset of unidentified leaves were considered as likely candidates for the leaves of Porosia. At some sites, like Almont, North Dakota, the diversity of unidentified leaves and fruits is high, so that the association of a particular leaf type with Porosia would be difficult to confirm. At many sites, however, the diversity is relatively low (ten or fewer angiosperm genera), so that by the process of elimination, only a few unidentified leaf types remain, once the easily identified taxa (above list) are excluded. Leaves borne by the Porosia plant should co-occur with the fruits at many different sites of different age, geography and depositional environment. One of the foliage types that occasionally co-occurs with Porosia fruits, both in Asia and North America, is the pinnately compound leaf of Averrhoites affinis (Newberry) Hickey. However, this foliage type continues into Eocene strata that lack Porosia fruits, and has a more consistent co-occurrence with the extinct flower type, Pistillipolianthus (Scott Wing, pers. comm; and pers. obs.). If Averrhoites is eliminated from consideration, the primary candidates are simple, entiremargined leaves that co-occur with the fruits at many different sites. The leaves have a long slender petiole, and rounded to slightly cordate lamina base This leaf type, commonly attributed to Nyssa, is prevalent at sites where Porosia are also also abundant, e.g. Birney road cut, Montana. Similar leaves have been called Phyllites demoresi Brown (1962) and were included partly in the concept of Nyssa alata (Ward) Brown (1962) .
Leaves called Nyssa bureica Krassilov occur in association with Porosia fruits both at the Tsagayan area of Amur region (Krassilov 1976 , Akhmetiev et al. 2002 and at the Zaisan Basin, Kazakhstan (Akhmetiev & Shevyreva 1989). All three sites from which Krassilov collected leaves of N. bureica also yielded fruits of Porosia (sites 570, 574, 575). Other candidates include Nyssa tshucotica Golovneva (Golovneva & Herman 1992) = Amaamia tshucotica (Golovneva) Moiseeva (Moiseeva 2008) . Despite similarity of these leaves to those of extant Nyssa, no fruits of that genus have been observed in any of the studied Paleocene sites. Nyssa has woody fruit stones that should preserve readily, and would be recognizable by the characteristic germination valves as known from Eocene and younger sites (Eyde 1997).
We must note, however, that the fossil Nyssa-like leaves under discussion have long narrow petioles with no indication of the pulvinar thickening that would be expected in the compound or unifoliolate leaves of most Rutaceae. Under the hypothesis that the Porosia fruits are Rutaceae, we expect that the leaves would be compound or unifoliolate, but such foliage has not been recovered. This may indicate that Porosia fruits do not belong to Rutaceae, or that these leaves were not produced by Porosia plants. fig. 16 ) and from the Maastrichtian Lance Formation of Wyoming in the USA (Pl. 2, fig. 17 ). In Asia, Porosia has not yet been confirmed from pre-Tertiary occurrences. The Amur region occurrences of Porosia (treated as Limnobiophyllum) of Krassilov (1973 Krassilov ( , 1976 were at first considered to be Maastrichtian, but later revised as Paleocene (Danian; Akhmetiev et al. 2002) . Limnobiophyllum (sensu lato) was reported from Maastrichtian deposits of the Koryak Highland, North-eastern Russia (Gornorechenskaya flora; Golovneva 1994a, b), but poor preservation of available specimens precludes determining with certainty whether they represent Limnobiophyllum (sensu stricto), or Porosia (Golovneva pers. comm., 2013) . Although Limnobiophyllum was also reported from the Campanian of Kundur, Amur Region, Russia (Bugdaeva et al. 2001) , the single known specimen does not appear to represent Porosia (pers. obs.).
Currently, the oldest known Asian occurrences of Porosia are early Paleocene (Danian) (Tab. 1, sites 1-7). During this time, the genus was widely distributed (Fig. 1 ) with occurrences in the Zaisan Basin in Kazakhstan (Fig. 1.5 in Akhmetiev & Shevyreva 1989 , Golovneva 2008 , the Amur region (Krassilov 1973 , 1976 , Akhmetiev et al. 2002 , and the Koryak Highlands (Golovneva 1994a, b) in the Russian Far East. In North America, Porosia occurs at numerous localities in the Paleocene of the Rocky Mountains and Great Plains (Tab. 1, sites 8-71; Brown 1962 , Hickey 1977 , Crane et al. 1990 , Mclver & Basinger 1993 ranging from Early Paleocene (Puercan), to late Paleocene (Clarkforkian III land mammal age; Wing 1998 , Wing et al. 1995 . In the Bighorn Basin of Wyoming, Wing (1998) recorded Porosia from 13 stratigraphic levels of the late Paleocene, extending from the Tiffanian and throughout the Clarkforkian, but not into the Eocene. More to the west, the species is found in the Paleocene or early Eocene Pilot Rock flora of Oregon (Gordon 1985 , Manchester 1999 , and the Paleocene and Eocene of the Chuckanut Formation (Tab. 1). The extinction of Porosia apparently occurred near the Paleocene-Eocene boundary. We exclude from our concept of the genus, an early Eocene specimen figured by Hickey (1977) from White Butte, North Dakota, because closer examination of the specimen showed that it had external protuberances rather than cavities and appears to be a crushed globose infructescence with numerous protruding styles. Porosia is unknown from Europe and thus seems to be a good example of a taxon that dispersed across Beringia during the Late Cretaceous or early Paleocene.
Porosia verrucosa, along with Nordenskioeldia borealis (Crane et al. 1991 help with drawing. Samples of extant Sabia dielsii Levl. fruit from Vietnam were collected and provided for comparative study by Chen Zhiduan, Zhang Jinbo, and Lu Limin. Helpful review comments were provided by Lena Golovneva, Jacquelyn Kallunki, and Kathleen Pigg. This research was supported by the Russian Foundation for Basic Research, grant 14-04-00800 and US National Science Foundation grant EAR 9220079.
